Abstract: Since the first anthracycline was discovered, many other related compounds have been studied in order to overcome its defects and improve efficacy. In the present paper, we investigated the anticancer effects of a new anthracycline, aspergiolide A (ASP-A), from a marinederived fungus in vitro and in vivo, and we evaluated the absorption, distribution, metabolism, and toxicity drug properties in early drug development. We found that ASP-A had activity against topoisomerase II that was comparable to adriamycin. ASP-A decreased the growth of various human cancer cells in vitro and induced apoptosis in BEL-7402 cells via a caspase-dependent pathway. The anticancer efficacy of ASP-A on the growth of hepatocellular carcinoma xenografts was further assessed in vivo. Results showed that, compared with the vehicle group, ASP-A exhibited significant anticancer activity with less loss of body weight. A pharmacokinetics and tissue distribution study revealed that ASP-A was rapidly cleared in a first order reaction kinetics manner, and was enriched in cancer tissue. The maximal tolerable dose (MTD) of ASP-A was more than 400 mg/kg, and ASP-A was not considered to be potentially genotoxic or cardiotoxic, as no significant increase of micronucleus rates or inhibition of the hERG channel was seen. Finally, an uptake and transport assay of ASP-A was performed in monolayers of Caco-2 cells, and ASP-A was shown to be absorbed through the active transport pathway. Altogether, these results indicate that ASP-A has anticancer activity targeting topoisomerase II, with a similar structure and mechanism to adriamycin, but with much lower toxicity. Nonetheless, further molecular structure optimization is necessary.
Introduction
Because of particular living conditions, including salinity, nutrition, higher pressure, temperature variations, and competition with bacteria, viruses and other fungi, marine fungi may have developed specific secondary metabolic pathways compared with terrestrial fungi. 1 In particular, the marine fungi associated with marine algae, sponge, invertebrates, and sediments appear to be a rich source for secondary metabolites, which have proven to be a promising source for the production of novel anticancer, antibiotic, and anti-inflammatory agents. 2 In our continuous search for anticancer compounds from marine-derived microorganisms, a fungus, authenticated as Aspergillus glaucus, was obtained from the marine sediment around the mangrove roots collected in Fujian province of the People's Republic of China. The isolation work of the active compounds on this fungus led to the finding of a novel anthraquinone derivative with a new skeleton, naphtho [1,2,3-de] chromene-2,7-dione skeleton, identified as
Cell proliferation assay
Cancer cells were plated into a 96-well microtiter plate containing 0.1 mL of growth media/well for 24 hours. Cells were incubated with various concentrations of ASP-A (0.625-20 µmol/mL) dissolved in dimethyl sulfoxide for 72 hours and evaluated for their cytotoxicities using the sulforhodamine B (SRB) test. The absorption value was detected by an enzyme-labeled instrument (Tecan Infinite F50, Tecan Group AG, Männedorf, Switzerland) at 540 nm. The 50% reduction of the cell viability compared to vehicle-treated cells was defined as the half-maximal inhibitory concentration (IC 50 ) value.
assay for Dna topoisomerase ii inhibition in vitro
A modified and improved spectrofluorometric decatenation assay was used to determine the inhibition of topoisomerase IIα. Kinetoplast DNA (kDNA) consists of highly catenated networks of circular DNA. 
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aspergiolide a as anticancer candidate in early drug development pH 7.6, 3 mM ATP, 15 mM 2-mercaptoethanol, 8 mM MgCl 2 , and 60 mM NaCl in a final volume of 20 µL. Reactions were incubated with 4 units of topoisomerase II in the presence or absence of the indicated ASP-A or adriamycin (ADM) for 30 minutes at 37°C . The reactions were terminated with 2 µL of 10% sodium dodecyl sulfate, followed by proteinase K treatment for 15 minutes at 37°C. Samples were resolved by electrophoresis on 1% agarose gel, stained with 0.5 mg/mL ethidium bromide, and visualized with ultraviolet light.
Western blot analysis
Following ASP-A treatment with different concentrations (2.5 µM, 5 µM, and 10 µM) for 12 hours, BEL-7402 cells were disrupted in lysate buffer on ice for 10 minutes. Lysates were clarified by centrifugation and 20 µL aliquots were separated by sodium dodecyl sulfate-polyacrylamide gelelectrophoresis on 10% gels before transfer to nitrocellulose membranes. Membranes were incubated with 5% skim milk in tris-buffered saline with 0.5% Tween for blocking nonspecific antigenic sites and immunoblotted with the indicated antibodies. The antibody-antigen complex was visualized and quantitated by chemiluminescence detection.
Cancer xenograft models
The H22 mouse hepatoma cells (2×10 5 cells/mouse) were inoculated subcutaneously into the right armpit of Kun Ming (KM) mice (eight animals/group). ASP-A (5 mg/kg, 15 mg/kg, 45 mg/kg) and ADM (2 mg/kg) dissolved in a mixed solution of HS-15 and N,N-Dimethylformamide (1:1, volume/volume) were injected directly into the intraperitoneal cavity. The mice were killed by dislocation of cervical vertebra after treatment. The transplanted tumor weights were measured and the inhibitory rates of cancer growth were calculated according to the following equation: rate of inhibition (%) = (mean cancer weight of control groupmean cancer weight of treated group)/mean cancer weight of control group × 100.
The BEL-7402 human hepatoma cells (5×10 6 cells/mice) were inoculated subcutaneously into the right armpit of nude mice (six animals/group), with a vernier caliper to measure the diameter of the transplanted cancers, until the cancers grew to about 100 mm 3 ; then the mice were grouped randomly. ASP-A (7 mg/kg, 14 mg/kg, 28 mg/kg) and ADM (2 mg/kg) were injected directly into the intraperitoneal cavity. Cancer growth in nude mice was determined by measuring the length and width of the cancer every other day with a caliper, and cancer volume (V) was calculated on the basis of the following formula: V = (length × width 2 )/2.
The individual relative tumor volume (RTV) was calculated as follows: RTV = V t /V 0 , where V t is the volume at each time, and V 0 is the volume at the beginning of the treatment. The therapeutic effect of ASP-A was determined by the volume ratio of treatment to control (T/C). T/C (%) = (mean RTV of the treated group/mean RTV of the control group) × 100%.
The pharmacokinetics and tissue distribution study
For pharmacokinetics study
One hundred KM male mice were randomly assigned to the following two single dosages (15 mg/kg, 30 mg/kg) of ASP-A, with 50 mice for each dosage; these were further divided into ten subgroups with five mice for 5, 10, 30, 45, 60, 75, 90, 120, 180, and 240 minutes after ASP-A administration. At each time interval, whole blood samples were drawn from the retroorbital plexus of each mouse and placed into heparinized microfuge tubes and centrifuged at approximately 3,000 × g for 5 minutes. The resulting plasma layers were separated and stored in microcentrifuge tubes at −20°C until analysis was performed with the procedure described below. The use of animals was approved by the Institutional Animal Care and Use Committee of the Qingdao Experimental Animal and Animal Experiment Center, with confirmed adherence to the ethical guidelines for the care and use of animals.
For tissue distribution study
Fifteen male KM mice bearing H22 tumor were randomly assigned to three groups, each group consisting of five mice. After ASP-A was administered intraperitoneally (ip) at a dosage of 15 mg/kg, at 10 minutes, 30 minutes, and 60 minutes, respectively, the mice were immediately sacrificed, the hearts were perfused with saline, and the organs (heart, liver, spleen, lung, kidney, brain, stomach and tumor) were removed. Tissue samples were weighed rapidly and homogenized with physiologic saline in ice water, and then immediately centrifuged at 3,000 × g for 5 minutes. Afterwards, the tissue homogenate samples were drawn in tubes and frozen at −20°C until analysis was performed using the procedure described below.
analysis of aSP-a in plasma and tissues 
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Wang et al (50:50, volume/volume) at a flow rate of 1 mL/minute, and the detection wavelength was 304 nm, at which ASP-A has the maximum absorption value. A volume of 20 µL supernatant of each sample was injected into the HPLC system for analysis of ASP-A. The ASP-A contents of the above samples were expressed as counts per gram of tissue or per milliliter of plasma. Concentrations of ASP-A were calculated from calibration curves. Pharmacokinetic parameters were analyzed by using 3P97 software (Chinese Pharmacological Society, Beijing, China).
Safety evaluation of aSP-a acute toxicity study
The acute toxicity study of ASP-A was carried out to investigate the toxic response and the target organ. 7 Healthy male and female KM mice (6-8 weeks old) used for the acute toxicity study were bred and reared at the Animal House of School of Marine Medicine and Pharmacy, Ocean University of China. The animals were acclimatized to laboratory conditions for 1 week prior to treatment. The temperature in the animal room was maintained at 25°C±2°C with a relative humidity of 30%-70% and an illumination cycle set to 12 hours of light and 12 hours of dark. A starting dose of 40 mg/kg and two-fold increase doses of ASP-A were administered to mice by ip injection. After a single administration, mice were monitored for signs of possible toxicity every hour for the first 6 hours and every day for 14 days. Surviving animals were weighed daily and observed for any signs or symptoms of toxicity and mortality for up to 14 days.
Micronucleus test
ASP-A was administered ip at a dose of 100 mg/kg or 400 mg/kg for 30 hours, and all mice were sacrificed 6 hours after the second ip injection. The bone marrow fluid was then extruded. A drop of fetal calf serum was added on glass slides, and pushed after mixing with subsequently added equivalent amount of bone marrow. The slides were air-dried for 30 minutes, fixed in absolute ethanol for 15 minutes, stained in 10% Giemsa dye in phosphate buffer (pH 6.8) for 10 minutes, washed with distilled water and air-dried at room temperature, and then observed under an optical microscope. The frequencies of micronucleated polychromatic erythrocytes in 1,000 polychromatic erythrocytes per animal, and the ratio of polychromatic erythrocytes/normochromatic erythrocytes in 1,000 erythrocytes were determined under a BX51 light microscope (Olympus Corporation, Tokyo, Japan) with oil immersion, using 100× magnification. A negative control was also performed for each treatment.
hErg channels assay 4. Cells were harvested from the flask and stored in extracellular solution containing 5% bovine serum albumin at 4°C. The holding potential was −80 mV, the cells were depolarized to 50 mV for 4 seconds to maximally activate hERG channels, followed by a test pulse to −50 mV for 5 seconds to measure the I kr , the rapidly activating components of the delayed rectifier K+ current, encoded by the human HERG gene. The detectable concentrations of ASP-A were 1.25 µM, 2.5 µM, 5 µM, and 10 µM. Terfenadine acted as positive control (3 nM, 10 nM, 30 nM, 100 nM). Voltage protocols and data analyses were done using the pCLAMP 10.1 software (Molecular Devices, LLC, Sunnyvale, CA, USA). The inhibitory rates of the test compounds on the hERG current were calculated according to the following equation: (1 − current residual amplitude/control current amplitude) × 100.
Uptake and transport assay in Caco-2 cells
Hank's Balanced Salt Solution (HBSS) containing 5 mM D-glucose and 5 mM 2-[N-morpholino]ethanesulfonic acid (for pH 6.0) was used as the uptake medium. HBSS containing 5 mM D-glucose and 5 mM HEPES (for pH 7.4) was used as the rinse medium. For cellular uptake studies, confluent monolayers of Caco-2 cells were grown in six-well plastic plates for 15 days postseeding to obtain an apical-basal polarity in human Caco-2 cells. Uptake was initiated by adding 1 mL ASP-A (25 µM, 50 µM, 100 µM, 200 µM, and 300 µM), after which the ASP-A solution was aspirated at the appropriate time to terminate the uptake and then the cells were rinsed twice with ice-cold rinse medium (pH 7.4). To determine the uptake amount of ASP-A, 1 mL of the mobile phase (see "Analysis of ASP-A in plasma and tissue") was added. The cells were then detached and collected with a cell scraper, frozen with liquid nitrogen and thawed five times. 
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aspergiolide a as anticancer candidate in early drug development was injected into the HPLC. For transport studies, Caco-2 cells were seeded in polyester membrane chamber inserts (Transwell; Costar, Corning Corporation, Corning, NY, USA). Transport of ASP-A across the Caco-2 cell monolayers was studied 18-24 days postseeding. Transport was initiated by adding 1 mL of transport medium (HBSS pH 7.4) to the basolateral side of Caco cells and 0.5 mL ASP-A (50 µM, 100 µM, 200 µM, 400 µM) in transport medium to the apical side of Caco cells. At predetermined time points (10 minutes, 30 minutes, 60 minutes, 90 minutes, 120 minutes, 180 minutes), samples (0.5 mL) were taken from the basolateral side or apical side, and replaced by the same amount of transport medium. At the end of the transport experiment, all samples were analyzed by HPLC. Sample concentrations were calculated using the equation that described the best fit through the standard curve data. The apparent permeability coefficient (P app cm/second) of ASP-A was calculated.
where dM/dt is the rate of appearance of substrate in the receiver phase (mmol/second), A is the area of the permeable support (cm 
Statistical analysis
The statistical differences between two groups were evaluated by Student's independent sample t-test. For all tests, statistical significance was defined as P<0.05. All descriptive parameters were expressed as mean ± standard deviation.
Results

aSP-a decreases the growth of human cancer cells in vitro
To investigate the cytotoxic effects of ASP-A against human cancer cells in vitro, an SRB assay was used after culture of cancer cells in the presence of ASP-A for 72 hours. The experimental results showed that ASP-A significantly inhibited the growth of 11 kinds of human cancer cell lines, with IC 50 values in the range of 2.37-7.07 µM (Figure 2 ).
aSP-a induces apoptosis in BEl-7402 cells and inhibits DNA topoisomerase II activity
In order to determine whether the decrease in cancer cell growth evoked by ASP-A resulted from induction of apoptosis, we further investigated the possible involvement of caspases of the apoptosis pathway by detecting the active cleaved fragments of caspase-3, caspase-8, caspase-9, and PARP in hepatoma cells BEL-7402. According to the results of Western blot analysis ( Figure 3A) , procaspase-3, procaspase-8, procaspase-9, and PARP were cleaved after treatment with ASP-A for 12 hours, indicating that ASP-A induced caspase-dependent apoptosis of BEL-7402 cell line. Because the caspases, especially caspase-3, are known to act downstream of Bax/Bcl-2 control, we next examined the 
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Wang et al ratios of Bax (an apoptosis promoter) to Bcl-2 (an apoptosis inhibitor), as a rheostat to determine cell susceptibility to apoptosis. As shown in Figure 3B , decrease in Bcl-2 expression was accompanied by increased Bax expression after ASP-A treatment; thus, the ratios of Bax/Bcl-2 were upregulated compared with the control group ( Figure 3C ). Nuclear phosphorylation of the histone variant H2AX was recently shown to be a crucial component of apoptosis, in addition to having a well-studied role in DNA damage repair. 8 We therefore also investigated whether γ-H2AX was activated by ASP-A. As shown in Figure 3D , γ-H2AX was induced after treatment with ASP-A. Structure-activity relationship studies emphasize the critical role of topoisomerase II-mediated DNA cleavage on the apoptosis activity of anthracycline anticancer antibiotics. 9 Therefore, a modified and improved spectrofluorometric decatenation assay was used to determine the inhibition of topoisomerase IIα in the presence of ASP-A. The result showed that ASP-A possessed activity against topoisomerase II that was comparable to that of ADM ( Figure 3E ).
The anticancer efficacy of ASP-A on the growth of hepatocellular carcinoma xenografts
To elucidate the anticancer efficacy of ASP-A in vivo, the cancer growth in H22 hepatoma-bearing mice following multiple doses of ASP-A treatment was investigated. In this experiment, ASP-A was administrated ip once a day after cancer tumor size reached 100 mm 3 in volume. The mice were weighed twice per week and the cancer tumor weights were measured after the mice bearing H22 hepatoma were killed by dislocation of cervical vertebra. As shown in Figure 4A -C, ASP-A significantly inhibited the growth of H22 subcutaneous cancer (P,0.05) in a dosedependent manner, with 55%, 62%, and 66% reduction at the doses of 5 mg/kg, 15 mg/kg, and 45 mg/kg respectively. 
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aspergiolide a as anticancer candidate in early drug development ASP-A had little influence on the body weights of mice (P.0.05); however, it was noted that the inhibitory rate of the ADM (2 mg/kg) group was 51.9%, with much more loss of body weight. We further assessed the anticancer efficacy of ASP-A on the proliferation of human hepatocellular carcinoma xenografts. Compared with the vehicle group, ASP-A exhibited significant anticancer activity on BEL-7402 xenografts in nude mice ( Figure 4D and E). The tumor volume significantly increased over time in vehicleadministered mice, while the increase was suppressed by the treatment with ASP-A. In the vehicle group, the cancer size on day 21 was 1,597±498 mm 3 , and at this time point the average tumor volumes on each of the groups after ASP-A treatment were 966±249 mm 3 , 817±84 mm 3 , and 803±168 mm 3 , and the values of T/C (%) were 59.9%, 51.2%, and 48.8%, respectively. The changes in body weights between the vehicle group and the ASP-A-treated groups were not remarkably different, but the body weights of the ADM group were significantly reduced, although the inhibitory rate of ADM reached 73.5%. These results suggest that ASP-A displays significant anticancer activity with lower toxicity compared with the positive control ADM. Tumor weight (g) 
Pharmacokinetics and tissue distribution in mice
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Wang et al parameters with two-compartment models are outlined in Table 1 . The maximum plasma concentrations of ASP-A were 20.96 µg/mL and 39.50 µg/mL at doses of 15 mg/kg and 30 mg/kg, respectively. The mean terminal half-life of ASP-A was 40 minutes, indicating that ASP-A could be rapidly cleared in vivo. It is noticed that the time needed to reach maximum plasma concentration is the same at either dose of 15 mg/kg or 30 mg/kg, which fits the feature of first-order reaction kinetics. The tissue concentrations versus time after ip administration of ASP-A at doses of 15 mg/kg for 10 minutes, 30 minutes, and 60 minutes to mice are presented in Figure 6 . After treatment for the indicated time, different levels of ASP-A were observed in all collected tissuess. Results showed that there was no longterm accumulation, in accordance with the variation trend of plasma concentration. In addition, ASP-A was enriched in cancer tissue, whereas the highest concentration was found in the kidney, followed by liver and lung, which implied that the distribution of ASP-A was also dependent on the blood flow or perfusion rate of the organ. Furthermore, ASP-A in brain was detectable 10 minutes after ip administration, which suggests that ASP-A could penetrate through the blood-brain barrier.
Early safety evaluation for aSP-a
No ASP-A treatment-related mortalities were recorded in animals treated with a single 400 mg/kg dose through the 14-day period. Therefore, the maximal tolerable dose (MTD) of ASP-A in the experimental mice was more than 400 mg/kg. No clinical signs were observed in the skin and fur, eyes and mucus membrane (nasal), respiratory rate, circulatory signs (heart rate and blood pressure), autonomic effects (salivation, perspiration, piloerection, urinary incontinence, and defecation) and central nervous system (ptosis, drowsiness, gait, tremors and convulsion) among mice administered 400 mg/kg of ASP-A, and there were no significant changes in the relative morphology of brain, heart, liver, stomach, and kidney in relation to control groups. The effects of ASP-A on micronuclei formation are shown in Table 2 . It was found that ASP-A did not interfere A number of clinically successful drugs in the market have had the tendency to inhibit hERG and to create a concomitant risk of sudden death as a side-effect, which has made hERG inhibition an important antitarget that must be avoided during drug development. 10 Concentration and voltage-dependent inhibitions of the hERG channel by ASP-A were further investigated. Figure 7A shows representative current traces in the presence of different concentrations of ASP-A when the membrane potential was depolarized to +50 mV. Figure 7B shows the inhibitory rates of ASP-A (1.25 µM, 2.5 µM, 5 µM, 10 µM) on hERG channel corresponding to current were 0.9%±1.6%, 2.0%±2.3%, 3.8%±4.0% and 10.1%±5.9% (mean ± standard deviation), respectively; however, terfenadine induced nearly 100% inhibition at 100 nM ( Figure 7C ).
Uptake and transport of aSP-a by monolayers of Caco-2 cells
The Caco-2 cell line, which is derived from human colon adenocarcinoma, exhibits enterocyte-like characteristics and has been used widely as an in vitro model of absorption by intestinal epithelial cells. The time course of the uptake of ASP-A is shown in Figure 8A . The amount of ASP-A in the cells increased linearly at least up to 60 minutes. Similarly, in the concentration range of 25-300 µM, the content increased linearly with increasing concentration of ASP-A, then the uptake gradually became concentrationsaturated ( Figure 8B) , and no further increase of ASP-A occurred.
In the transporter experiment, ASP-A was detected for its ability to achieve apical-to-basolateral (AP-to-BL) and basolateral-to-apical (BL-to-AP) transport across Caco-2 monolayers. As shown in Figure 9 , ASP-A was efficiently transported across Caco-2 monolayers over the course of a 180-minute experiment. The amounts of transport did not increase with donor concentration but increased with incubation time, which indicated that the transfer rate was not driven by the concentration and ASP-A transport had a feature of saturability. The P app value in AP-to-BL direction ranged from (5.8-29.1) ×10 −7 cm/second; in the reverse direction, BL-to-AP, the P app ranged only from Abbreviations: aSP-a, aspergiolide a; i kr , the rapidly activating components of the delayed rectifier K+ current, encoded by the human HERG gene.
(0.08-1.38) ×10 −7 cm/ seconds. The transported level of ASP-A in AP-to-BL direction was much larger than in the BL-to-AP direction; the P ratios (permeability directional ratios, P app [AP-to-BL]/P app [BL-to-AP]) of the two sides were calculated to be .20 (Table 3) , far above the P ratios of 1.5 for active transport reported by Mahar Doan et al, 22 which indicated that the ASP-A transport had directionality and active transport pathway was involved in the process. From the above results, it is concluded that ASP-A can be well absorbed and is expected to be developed as an oral drug.
Discussion
The plasticity and instability of the cancer genome is impressive and is characterized by gene amplifications and deletions, rearrangements, and many silent and active mutations. Many oncologists believe that targeted therapies are the chemotherapy of the future; however, as most cancers are unlikely to yield to single enzyme-targeted agents, the combination of chemotherapy with broadly active anticancer cytotoxic agents is the best attempt to prevent mutation and resistance. 11, 12 Therefore, there will continue to be a long-term need for cytotoxic drugs. In the present paper, we systematically assessed the drug activity of ASP-A as a cytotoxic candidate drug in early drug development.
First, ASP-A was estimated for its anticancer activities in vitro and in vivo. The results showed that ASP-A had a broad spectrum of cytotoxic activity in vitro, and significantly inhib- 
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aspergiolide a as anticancer candidate in early drug development less impact on the body weight of mice, whereas ADM inhibited body weight of mice by 25.1% and 33.3%, in H22 and BEL7402 cancer xenografts, respectively, even though the cancer growth inhibitory rate of ADM is higher than that of ASP-A. Pharmacological mechanism studies showed that ASP-A could target against topoisomerase II, just as ADM did.
Nearly half of drug candidates entering into preclinical development will be lost due to lack of safety. Early safety assessment can identify safety risk and recognize poor compounds ahead of entering into preclinical development, reducing attrition effects in the follow-up new drug development. 13 We found the MTD of administration in mice was more than 400 mg/kg, which exceeds 10 times the effective dosage, indicating that ASP-A has a larger broad safety scope than ADM, the MTD of which was reported in mice to be 9 mg/kg, and therefore only 3.0-4.5 times higher than the therapeutic dose.
14 Furthermore, we measured induction of chromosomal changes after short-term exposures to ASP-A by bone marrow erythrocyte micronucleus assay; no statistically significant distortion was found as compared to vehicle control, while ADM was reported to induce large amounts of micronuclei at 15 mg/kg under similar experiment conditions to ours. 15 From these results we believe that ASP-A is much safer than ADM. However, the vehicle itself induced chromosomal changes, which requires us to look for a better solution for ASP-A.
A previously published survey on the causes of failure in drug development indicated that inappropriate pharmacokinetics were a major cause. Inappropriate pharmacokinetic behavior includes such factors as poor absorption characteristics and short elimination half-life leading to short duration of action; this observation has led to an increased emphasis on pharmacokinetic input to the drug discovery process. 16 In the present paper, we investigated pharmacokinetic parameters and distribution of ASP-A by intraperitoneally injecting 15 mg/kg and 30 mg/kg of ASP-A at different time points. The results showed that the pharmacokinetics of ASP-A in plasma follow a two-compartment model. The values of the time needed to reach maximum plasma concentration for the two groups are the same, indicating that the clearance of ASP-A fits the first-order kinetic reaction equation. The results also suggest that ASP-A can achieve an effective drug concentration and broadly distribute in vivo; however, it is noticed that the elimination half-life is too short, just around 40 minutes, compared with a reported 23-hour 
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Wang et al half-life for ADM, which may be responsible for lower anticancer efficacy of ASP-A than of ADM in mice. Furthermore, distribution of drugs in mouse tissues was detected at different time points within the absorption, distribution, and clearance phase; the experimental results showed that ASP-A mainly located in the heart, kidneys, liver, and cancer tissue. ASP-A could penetrate through the blood-brain barrier, unlike ADM, which is excluded from entering the brain, 17 suggesting ASP-A may be considered to inhibit brain cancer. Cardiotoxicity is a potential side effect of various chemotherapeutic agents, and the anthracycline class of cytotoxic antibiotics is the most well know to induce this side effect. 18 hERG channels are involved in cardiac action potential repolarization, and reduced function of hERG lengthens ventricular action potentials, prolongs the QT interval in an electrocardiogram, and increases the risk for potentially fatal ventricular arrhythmias. It is important to screen compounds for activity on hERG channels early in the lead optimization process. 10 We found that the hERG channel was little affected by ASP-A, detected by manual patch clamp technique. We do not believe that the concentration of ASP-A in heart tissue is high enough to induce cardiotoxicity.
A limiting factor for the successful therapeutic application of new drugs is their ability to transport over the gastrointestinal tract toward the target receptor. Caco-2 cell line is most widely used to screen intestinal permeability, to predict drug absorption, and to study passive and active diffusion transport of drug molecules. 19 ADM, which is a P-glycoprotein and cytochrome P450 substrate, has poor bioavailability after oral administration. 20 In our studies, the amount of ASP-A transported across the Caco-2 cellular monolayer was investigated. It is reported that the overall ranking of compounds with P app ,1×10 −6 cm/second, between 1-10×10 −5 cm/second, and .10×10 −6 cm/second can be classified as poorly (0%-20%), moderately (20%-70%), or well (70%-100%) absorbed compounds, respectively, 21 and P ratios >1.5 indicates active transport is involved in drug absorption. 22 Therefore, our results revealed that ASP-A could be well uptaken by Caco-2 cells and transported in the apical-to-basolateral direction through the active transport pathway, which suggests a receptor-mediated transport of ASP-A. Oral preparation of ASP-A could be considered for future development.
Conclusion
In our studies, ASP-A was revealed as having both beneficial and harmful effects in early drug development. We found ASP-A had anticancer efficacy targeting topoisomerase II with similar structure and mechanism to ADM, but possessing characteristics of much lower genotoxicity and heart toxicity and better drug oral absorption potential; however, the anticancer efficacy of ASP-A needs to be further improved in vivo. It is reported that the formation and stability of an anthracycline-DNA-topoisomerase II ternary complex rely on defined structural determinants; in particular, the sugar moiety, located in the minor groove, is a critical determinant of the activity of anthracyclines as topoisomerase II poisons. In additional, the sugar moiety was reported to influence pharmacokinetic properties such as half-life, 23 suggesting that for better anticancer efficacy, it will be necessary to optimize the structure by conjugating a sugar moiety to ASP-A.
